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Future generations of photoelectrodes for solar fuel generation must employ 
inexpensive, earth-abundant absorber materials in order to provide a large-scale 
source of clean energy. These materials tend to have poor electrical transport 
properties and exhibit carrier diffusion lengths which are significantly shorter than 
the absorption depth of light. As a result, many photo-excited carriers are generated 
too far from a reactive surface, and recombine instead of participating in solar-to-
fuel-conversion. We demonstrate that plasmonic resonances in metallic 
nanostructures and multi-layer interference effects can be engineered to strongly 
concentrate sunlight close to the electrode/liquid interface, precisely where the 
relevant reactions take place. By comparing spectral features in the enhanced 
photocurrent spectra to full-field electromagnetic simulations, the contribution of 
surface plasmon excitations is verified. These results open the door to the 
optimization of a wide variety of photochemical processes by leveraging the rapid 
advances in the field of plasmonics. 
Solar fuel generation based on inexpensive, earth-abundant materials constitutes one 
potentially viable option to satisfy the demand for a terawatt scale renewable source of 
energy that can be stored and used on demand1. The efficiency of solar water splitting2, 3 
based on earth-abundant materials made using scalable processing techniques has 
remained low despite intensive research efforts since the 1970s. One of the underlying 
reasons for the observed inefficiency is that many of these materials exhibit a large 
mismatch between the length scales over which photon absorption takes place (up to 
micrometers), and the relatively short distances over which electronic carriers can be 
extracted (often limited to a few 10’s of nanometers). One possible approach to 
circumvent this challenge is to synthesize nanostructured electrodes in which the photon 
propagation and charge transport directions are orthogonalized. This type of geometry 
can be accomplished in wire arrays4-6 or other nanostructures with large surface-to-
volume ratios7. We pursue a new approach that is aimed at the use of metallic 
nanostructures for better photon management. The basic concept is illustrated in Fig. 1a, 
which shows how a metallic nanoparticle can concentrate light near a 
semiconductor/liquid junction to produce more photo-carriers that can reach the interface 
and participate in desired reactions. 
 
Recently, the use of metallic nanostructures has proven extremely effective in enhancing 
the efficiency of thin film solar cells whose performance is constrained by similar issues 
8-14. Metallic nanoparticles support collective electron oscillations, known as surface 
plasmons (SPs). At specific frequencies these charge oscillations can be driven resonantly 
and produce intense light fields near the metal and cause strong light scattering. As such, 
metal particles serve as optical antennas that operate analogously to larger radio 
antennas15. The light concentration and scattering effects were effectively harnessed to 
trap light inside the absorbing semiconductor layers of a solar cell and to ultimately 
enhance the power conversion efficiency. The SP resonance frequency of a metal particle 
can be tuned across the ultra-violet, visible and near-infrared parts of the electromagnetic 
spectrum through a choice of its size, shape, and dielectric environment16. This notion has 
enabled broadband enhancements of the photocurrent across the wide solar spectrum. 
Rapid developments in this area were founded upon initial, convincing demonstrations 
that plasmonic effects are capable of boosting efficiency8. Key to demonstrating the 
importance of plasmonics in enhancing solar cell efficiency was the presence of 
characteristic plasmonic features in the photocurrent spectra from cells with metallic 
nanostructures. In this paper we aim to leverage the existing knowledge base on plasmon-
enhanced photovoltaics to convincingly demonstrate that plasmonic effects can also 
enhance solar energy conversion to fuels.  
 
The enhancement of solar energy conversion to fuels imposes different requirements on 
the plasmonic nanostructures than solar cells. This fact can be appreciated by analyzing 
the materials properties of a typical photoelectrode and the band diagram of a standard 
photoelectrolysis cell used for water splitting. In this paper we describe a specific cell 
that employs iron oxide. This n-type semiconductor can be viewed as a prototypical 
system that is of topological interest and which shares many features with other candidate 
materials for future large-scale solar fuel production. Iron oxide (α-Fe2O3; hematite) is a 
material that has been extensively researched for water splitting, mainly because it is 
corrosion-stable, inexpensive, and earth-abundant. Its band gap is around 2.1 eV, close to 
an ideal value for water splitting by a single semiconductor material. One major 
shortcoming of iron oxide as a photoelectrode material is its poor electronic transport, 
with a minority carrier diffusion length on the order of 2-4 nm17 or 20 nm18. In addition, 
Fe2O3 is a relatively weak absorber in the 500-600 nm range (~ 0.1 – 1 µm absorption 
length, far longer than the generated photocarriers can travel). 
 
Figure 1b shows the band diagram of a cell which employs iron oxide as the photoanode. 
Upon illumination, photogenerated holes move toward the semiconductor/liquid interface 
and oxidize water to produce oxygen. The electrons generated in this oxidative process 
are transported through an external circuit to a metal counter electrode where they can 
drive hydrogen evolution. Using this circuit, we can measure the wavelength-dependent 
photocurrent to determine the photocurrent spectra. Driving the water splitting reaction 
with iron oxide requires an applied potential due to its mismatched conduction band 
alignment19. This limitation can be overcome by using the material in a tandem cell 
configuration with two semiconductor electrodes20.  The band diagram suggests that 
issues with poor charge transport might be alleviated if metallic nanoparticles could be 
used to concentrate incident sunlight as close as possible to the semiconductor/liquid 
interface. Here, the space charge layer can quickly separate the photocarriers and deliver 
the holes to the Fe2O3/H2O interface. For stable operation, the metallic nanoparticles will 
need to be chemically stable as well. 
 
In the following, we describe a set of experiments that show that (1) metallic 
nanostructures can enhance photocurrent in spectral regions near the surface plasmon 
resonance and that (2) the spectral dependence of the photocurrent spectra is 
characteristic of plasmonic structures. Our aim is to separate plasmonic effects from other 
chemical/physical effects that can impact the photocurrent. To this end, we show that the 
use of different types of metallic nanostructures and the different placement of such 
particles with respect to the photoelectrode material affect the photocurrent spectra in a 
predictable way which is consistent with plasmonic effects.  
 
In our first experiment, we aimed to demonstrate that metal nanoparticles can enhance 
photocurrents while avoiding catalytic effects. To this end, we utilized Au nanoparticles 
coated with a non-reactive silica (SiO2) shell. Empirically, we found the strongest 
photocurrent enhancements with 50 nm diameter gold particles coated with a thin silica-
shell. Figures 2b,d show SEM images of two different Fe2O3 samples containing these 
particles. Figure 2b shows a sample with these nanoparticles deposited onto a transparent 
conductive oxide electrode that was covered by a 100 nm thick iron oxide film. The 
presence of the nanoparticles can still be discerned underneath the thin Fe2O3 film. In Fig. 
2d identical core-shell nanoparticles were deposited on top of a 90 nm thick iron oxide 
film. The particles are clearly visible and are exposed to the aqueous solution during the 
electrochemical experiments. 
 
Figures 2a,c show spectral photocurrent measurements on these electrodes taken in a 
three-electrode photoelectrochemical cell (see Methods). The photocurrent enhancement 
ε spectra were generated by normalizing the photocurrent jNP(λ) from a region with 
particles to the photocurrent jRef(λ) obtained in a region without nanoparticles (i.e. 
ε = jNP(λ)/ jRef(λ)). In Fig. 2a a strong photocurrent enhancement is observed at 
wavelengths longer than 550 nm, whereas the photocurrent enhancement is close to unity 
at short wavelengths. The strongest resonant peak enhancement of 11 x is observed at 
610 nm. Under AM1.5 illumination, plasmonic effects increase the wavelength-integrated 
photocurrent by 7 % over the planar reference structure (see Supplemental Fig. S8).  
 
In Fig. 2a,c we also show simulated absorption enhancement spectra obtained using full-
field electromagnetic simulations (see Methods). In these simulations, the absorption 
enhancement was determined by calculating the dissipated power in a small iron oxide 
region near a metal nanoparticle and near the liquid interface, and taking a ratio of this 
dissipated power in a structure with the plasmonic nanoparticle present and in a planar 
reference structure. It is expected that the measured spectral photocurrent scales linearly 
with the dissipated power in the probe volume. There is an excellent qualitative 
agreement between the simulations and the experimental results – the matching spectral 
shapes reveal that plasmonic effects are what give rise to improved photoactivity. An 
exact quantitative comparison of the power dissipation and the photocurrent is however 
complicated by a variety of factors. Among the most important are that typical, high 
performance samples (1) possess substrate and iron oxide film roughness, (2) exhibit 
carrier diffusion lengths that are sample and potentially position dependent, (3) feature a 
non-uniformity in the nanoparticle size, shape, and density, and (4) could show positive 
catalytic effects21 and enhanced charge separation or recombination caused by the 
introduction of metallic nanostructures22-24 that can add to the complexity of the system. 
Our arguments are thus primarily based on the spectral dependence of the photocurrent 
enhancement, which we have found to be robust against the effects described above, 
enabling us to confirm the plasmonic origin of the observed enhancements. 
 
The blue line in Fig. 2a shows the simulated absorption enhancements with a single broad 
peak that closely resembles the spectral shape of the experimentally observed 
enhancements. The exact peak position is very sensitive to the dielectric environment of 
the metallic particle. The resonance position is controlled by optical properties of the 
material surrounding the particle25. It is known that even nanometer scale variations in 
the thickness of a silica shell on a Au particle can cause observable shifts in the resonance 
position26. Based on the position of the nanoparticles within the Fe2O3 film, it is expected 
that the resonant wavelength of the Au particles lies between calculated values for Au 
particles surrounded by SiO2 and Au particles surrounded by Fe2O3. Our simulations 
reveal that the SP resonance of 50 nm gold particles surrounded by a thin SiO2 shell is 
around 550 nm and that the resonance moves to 630 nm when this shell is replaced by 
Fe2O3 (Supplemental Figure S1). The experimentally observed peak falls squarely 
between those values. As the exact morphology and composition of the shells are 
unknown after the sample fabrication, we followed two approaches to mimic a mixed 
SiO2/Fe2O3 environment in our simulations. Figure 2a shows simulation results with 
shells composed of a mixed SiO2 - Fe2O3 medium with equal amounts of each 
component. Similarly good agreement with the experimental results was obtained in 
simulations using thinner silica shells rather than mixed shells.  
 
Figure 2c shows photocurrent enhancements for a different configuration with the silica-
coated Au particles deposited on top of iron oxide. For this electrode the measured 
photocurrent enhancement spectrum (red symbols) again displays a strong resonant peak 
around 590 nm, with a ~11 x peak enhancement. It also shows an almost spectrally flat 
region with an ~ 8 x enhancement. The simulation (blue line) is consistent with a 
plasmonic origin for the peak, but plasmonic effects cannot account for the wavelength-
independent background enhancement (the electromagnetic simulation shows an 
enhancement close to unity at 500 nm). We speculate that this wavelength-independent 
enhancement in the presence of silica shells at the semiconductor/liquid interface may 
arise from morphological changes of the iron oxide in the presence of the nanoparticles27, 
from additional n-doping of the iron oxide surrounding the particles27, 28, or from possible 
catalytic effects on water oxidation by the particles’ silica-shells in contact with the 
liquid. The additional spectral oscillations in Fig. 2c compared to Fig. 2a arise from 
multilayer inferences with a thicker ~940 nm FTO (fluorine-doped tin oxide) substrate 
employed here, compared to the ~150 nm ITO (tin-doped indium oxide) substrate 
employed in Figure 2a. 
 
The measurements on the silica-coated Au particles show significant enhancements and 
reasonable agreement with a simple plasmonic model. The coatings on these particles 
give rise to several added benefits. They can be deposited at a high surface coverage 
without significant red-shifts of the plasmon resonance due to particle-interactions (see 
refs29, 30 and Supplementary Information Fig. S2). The high photocurrents also show that 
the shells are effective in preventing severe nanoparticle-induced charge recombination, 
which represents a well known problem for the use of metallic nanoparticles24. Despite 
the many benefits of these coated particles, they do not serve as an ideal optical model 
system as their shape tends to be non-spherical, the silica shell is non-dense31, 32 and 
thermal processing may cause further shell deformation and interdiffusion of atomic 
species33. For this reason, we also explored the simplest possible model system which is a 
bare, spherical Au nanoparticle. 
 
Figure 3 shows the measured (black symbols) and simulated (blue lines) photocurrent 
enhancement spectra for bare, 50 nm diameter, Au particles on top (Fig. 3a) and at the 
bottom (Fig. 3c) of an iron oxide film. A comparison of the two spectra shows that the 
peak position and lineshape of photocurrent enhancements depend critically on the 
position of the nanoparticles in the iron oxide film. Particles on top of the absorber film 
(Fig. 3a,b) produce an asymmetric lineshape of the photocurrent enhancement, while 
particles on the bottom (Fig. 3c,d) produce a more symmetric spectral feature. Both 
effects are true signatures of plasmonic behavior, as will be explained below. Our 
simulations (Fig. 3b) and experiments (Supplementary Information Fig. S3) show that 
these spectral features persist for all investigated film thicknesses. These types of spectral 
features have also been observed in plasmon-enhanced solar cells9 and played a critical 
role in proving the relevance of plasmonic effects in enhancing photovoltaics.  
 
Figures 3b,d show the dependence of the simulated absorption enhancements in the 
Fe2O3 with Fe2O3 film thickness. The plasmon resonance found in simulations of 50 nm 
gold particles on top of (embedded in) semi-infinite Fe2O3 films is indicated by the white 
dashed lines. For particles on top of relatively thin films we find the maximum light 
concentration and absorption enhancements at slightly longer wavelengths than the 
particles’ surface plasmon wavelength. Furthermore, the wavelength of maximum 
enhancement shifts linearly with the thickness of the iron oxide film, consistent with a 
simple multilayer interference effect. From these observations it can be concluded that 
the final absorption enhancement depends on an interplay between plasmonic and 
multilayer interference effects.  
 
The mechanism by which plasmonic resonances allow one to control the flow of 
electromagnetic energy into the absorber can be understood from plots of the electric 
field distributions in our structures. Figure 4a shows two simulation geometries 
consisting of a planar reference structure (left) and the same structure with a Au 
nanoparticle placed on top of the Fe2O3. This configuration results in the asymmetric 
photocurrent spectrum. The probe region (PR) in which absorption enhancements were 
calculated is indicated in black. In Fig. 4b the simulated absorption enhancements in the 
probe regions are shown together with the dissipated power in the nanoparticle. The 
spectra are complicated by multilayer interference effects that produce oscillations in the 
spectra in addition to the strong plasmonic resonance peaks (see the dashed line in Fig. 4b 
for a comparison to the plasmonic peak shape of a semi-infinite iron oxide film). These 
interferences can be used to one’s advantage as they enable additional spectral tuning and 
larger enhancements (see Fig. 3b,d). 
 
The simulated electric field distributions generated by bare Au nanoparticles on top of 
iron oxide can explain the asymmetric lineshape versus wavelength. We will show that it 
results from the interference between the incident light wave and the scattered fields from 
the particle. Figures 4c-e show these distributions for wavelengths of 500 nm (shorter 
than the plasmon resonance wavelength, λ < λSP), 590 nm (λ = λSP), and 650 nm (λ > 
λSP) respectively. We plot the x-component of the electric field without the nanoparticle 
present, the x-component of the scattered- and near-field of the nanoparticle, and the 
modulus of the total field in the presence of the nanoparticle. At wavelengths shorter than 
the SP resonance wavelength, the electron oscillations in the metal particle can no longer 
follow the rapid field variations of the incident light wave and the scattered fields pick up 
a significant phase shift. This leads to a destructive interference between the incident 
light and the scattered light in the forward direction (i.e. below the particle and in the 
probe region). This resulting lower light intensity is the cause of a lower photocurrent at 
wavelengths where λ < λSP (black region in Fig. 4c). In contrast, Fig. 4e shows that at 
longer wavelengths (λ > λSP), the interference in the forward direction is constructive, 
effectively increasing the light intensity in the probe region in the absorber film and 
enhancing the photocurrent. We note that interference effects also govern the observed 
enhancements for Au particles placed at the bottom of an Fe2O3 film (Fig. 3c,d). Here, 
constructive interference in the backward direction enables strong enhancements at 
wavelengths shorter than the SP resonance (500 - 600 nm region for the thinnest films in 
Fig. 3d). This data not only highlights the importance of plasmonic effects in the 
generated photocurrent, it also provides practical considerations for the design of future 
plasmon-enhanced photoelectrodes. 
 
We have shown that plasmonic structures can circumvent the traditional compromise 
between photon absorption and carrier extraction in photoelectrodes made from 
inexpensive, earth-abundant semiconductor materials. Future efforts should be aimed at 
designing plasmonic enhancement structures that are effective at shorter wavelengths. 
Gold is limited in this respect, as its plasmon resonance is around 530 nm or longer, 
depending on the host medium. Metals with plasmon resonances in the near-UV, such as 
aluminum or silver, can be tuned into the region of interest by choice of size, shape, 
dielectric environment, and multilayer interference effects. Such metals need to be 
protected against corrosion, e.g. by covering them with inert shells, and we hope that our 
work will stimulate further materials research efforts in this direction.  
 
We anticipate that the concepts described here will also be highly relevant to the 
development of future, more efficient multi-junction photoelectrochemical cells, where 
sunlight is split into multiple spectral components, each of which requires its own optical 
tailoring and enhancement strategies. Finally, it is worth noting that plasmon-enhanced 
photon management will be of value to other high-impact photocatalysis applications, 
including the removal of toxic compounds from the environment and large-scale water 
purification34. 
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Methods: 
Preparation of iron oxide photoelectrodes: Iron oxide (α-Fe2O3; hematite) was grown by 
e-beam evaporation of iron onto TCO (transparent conducting oxide) substrates, followed 
by calcination in air at 600 deg Celsius. X-ray diffraction analysis (see Supplementary 
Information) demonstrated that hematite films (α-Fe2O3) were grown. Samples with 
nanoparticles at the bottom or on the top of the iron oxide film were prepared as follows: 
For samples with nanoparticles deposited at the bottom, the nanoparticles were drop-
casted on the TCO substrate before the iron was evaporated and calcined. For samples 
with nanoparticles on the top, the nanoparticles were drop-casted on top of the iron film, 
which was then calcined. 50 nm diameter bare gold particles and 50 nm gold-core 
particles covered with a thin silica-shell were used. 
 
Photocurrent measurements were carried out in a three-electrode photoelectrochemical 
cell. The working electrode consisted of the various studied photoelectrodes. A platinum 
mesh was used as the counter electrode, and a saturated calomel electrode was used as the 
reference electrode. Currents under illumination and in the dark were measured under an 
applied potential of 1.41 V vs. the reversible hydrogen electrode (RHE). All samples 
were measured in an aqueous solution of ultra-pure water (18 MΩ cm) containing 0.2 M 
sodium acetate. The photocurrent action spectra were obtained using a supercontinuum 
white-light source coupled to an acousto-optical tunable filter with a transmission 
bandwidth of 20 nm. The illumination spot size on the sample was ~ 1 mm in diameter 
and powers of 1-3 mW were used depending on the wavelength. The intensity was thus 
around 1-5 kW/m2. The monochromated light was manually chopped and the 
photocurrent signal was measured using a potentiostat. An equilibration time of ~ 60 
seconds after each chop allowed the current to reach a steady state value which was then 
measured. Photocurrent enhancements were calculated as the ratio of photocurrents 
recorded on areas with and without nanoparticles on the same sample. Photocurrent 
measurement errors were on the order of 0.1 nA. The relative error of the photocurrent 
enhancements was calculated by adding the relative errors of the photocurrent 
measurements with and without nanoparticles in quadrature. Full-field electromagnetic 
simulations were performed using a 2D finite difference frequency domain method 
(COMSOL), as shown in Fig. 4a. A single gold particle was placed either on top (20 nm 
embedded, to be precise) or at the bottom of an iron oxide film, followed by a TCO and a 
semi-infinite silica substrate. Normal-incidence transverse magnetic (TM) polarized 
illumination was used. The dissipated power in a small probe region (20 nm vertical x 
100 nm horizontal) was calculated, both with and without the nanoparticle present. The 
vertical size of the probe region was chosen to take into account the distance over which 
carrier transport to the liquid interface is expected to be effective. Horizontally, the probe 
region is large enough to capture most near-field effects, but small enough to simulate the 
fairly high areal nanoparticle coverages used in some of our experiments. The absorption 
enhancement is calculated as the ratio of the dissipated power in the probe region 
with/without nanoparticle. We also calculated the dissipated power in the nanoparticle in 
order to assess plasmonic effects. In simulations employing mixed Fe2O3/SiO2 core-shell 
nanoparticles on the top of iron oxide the probe region includes the shells. Absorption 
enhancements were area-normalized to take into account the different probe region areas 
in the structures with/without nanoparticles. To simulate samples on the rough, 940 nm 
thick, FTO substrates (experimentally 33 nm RMS, 200 nm peak-peak roughness, see 
Supplemental Information) an incoherent average was taken over the enhancement results 
obtained in simulations with 890 - 940 nm thick FTO. This incoherent average is used to 
account for the thickness variations in the rough FTO film, primarily smearing out 
interference effects. As a control experiment, we have verified that coating bare 
transparent conductive electrode substrates with 50 nm gold nanoparticles (both with and 
without silica shells) of comparable areal density as on iron oxide does not produce 
significant photocurrents (<1 - 2 nA at all wavelengths of interest, compared to ~ 100 nA 
at 590 nm in our iron oxide photoelectrodes). Therefore, the observed enhancements are 
true enhancements of photocurrents generated in iron oxide35. 
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Figure 1 | Beneficial effects of plasmonics on the performance of 
photoelectrochemical cells.  
a, A schematic that illustrates how a silica coated metal nanoparticle can effectively 
concentrate light near the semiconductor/liquid interface. This effect increases the 
number of photogenerated carriers that can reach the interface and participate in desired 
reactions, for example those required in water splitting to produce O2 and H2. b, 
Schematic band diagram depicting the semiconductor absorber (left) in contact with the 
liquid, where the photogenerated holes drive oxygen evolution. It is this reaction that we 
seek to enhance using plasmonic effects with α-Fe2O3 as the semiconductor electrode. 
The generated electrons are transported to a counter electrode (right) where they can react 
to produce H2 and close the circuit. Measurements of the photogenerated current as a 
function of the illumination wavelength can provide valuable clues on the potential 
importance of plasmonic effects. 
 
 
 
 
 
 
 
Figure 2 | Photocurrent enhancement spectra for Au nanoparticles with a silica 
shell. a,c Measured (symbols) and simulated (solid blue lines) photocurrent enhancement 
spectra that show the beneficial effects of placing silica-coated Au particles at the 
bottom/on top of a 100 nm thin Fe2O3 photoelectrode layer. The samples are shown 
schematically in the insets, and in scanning electron microscopy images (b,d). Both 
samples exhibit strong (> 10 x) enhancement over a relatively broad wavelength range. 
Electromagnetic simulations (blue lines) are consistent with a plasmonic origin of the 
observed enhancements in the 550 nm - 650 nm wavelength range. The sample with the 
particles at the H2O/Fe2O3 interface shows an additional, more-or-less frequency-
independent enhancement (about 5-8 x) that cannot be explained by electromagnetic 
effects, but has a chemical/physical origin (see main text).  
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Figure 3 | Plasmonic effects in the photocurrent enhancement spectra obtained with 
bare Au nanoparticles. a,c, Measured photocurrent enhancement spectra (black 
symbols) exhibit one dominant spectral feature, and are well-explained by plasmonic 
effects (electromagnetic simulations, blue lines). In contrast to core-shell particles, bare 
gold particles often show reduced photocurrents compared to simulation results, possibly 
due to undesired charge recombination. b,d, Full-field electromagnetic simulations of the 
plasmon-enhanced absorption in a probe region near the particle and at the H2O/Fe2O3 
interface (see Fig. 4a) predict strong enhancements near the surface plasmon-resonance. 
The peak enhancement can be wavelength-tuned by varying the Fe2O3 thickness. This 
suggests that the peaks arise from an interplay between multilayer interferences and 
surface plasmon effects. For reference, the dashed white lines in b and d indicate the 
surface plasmon resonance wavelength for a 50 nm Au nanoparticle located on top of or 
embedded in a semi-infinite Fe2O3 respectively. It is important to note that the samples 
with Au particles on top of the Fe2O3 produce asymmetric photocurrent enhancement 
spectra, whereas the samples with particles at the bottom of the Fe2O3 film produce 
symmetric peaks. This observed behavior is a signature of plasmonic effects.  
 
 
Figure 4 | Full-field electromagnetic simulations explaining the physical origin of the 
photocurrent enhancements and their spectral distribution. a, Simulation geometry 
with a Au nanoparticle (NP) on top of an Fe2O3 film. The probe region (PR) is the region 
in which absorption enhancements were calculated. b, The solid lines show simulations 
appropriate to the multilayer geometry depicted in 4a. The red line shows the absorption 
in the metal particle itself and the blue line shows the particle-induced absorption-
enhancement in the Fe2O3 probe region. The dashed red/blue curves show the same 
quantities for a semi-infinite Fe2O3. In these spectra the multilayer interference effects 
(wavelength-dependent oscillations in the photocurrent) are suppressed, and the 
contributions from plasmonic effects are most easily recognized. The red curves are 
peaked near the surface plasmon resonance wavelength of λSP = 590 nm, where incident 
light is most efficiently converted to heat in the particle. The blue spectrum is strongly 
asymmetric, which is a signature of a plasmonic effect that is explained in Figs. c-e. c-e, 
Simulation of the E-fields in the multilayer geometry for wavelengths of 500, 590 and 
650 nm, respectively. Shown are the x-component of the E-field without a NP, the x-
component of the scattered field near the NP, and the modulus of the total field in the 
presence of the NP. For wavelengths shorter than λSP, the scattered field is out of phase 
with the field from the incident wave, resulting in destructive interference and low fields 
below the particle (c). For wavelengths longer than λSP, interference in the forward 
direction is constructive, resulting in an enhanced electric field (i.e. light intensity) in the 
probe region (e).  
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The supplementary information contains nine figures in support of the main body of the 
text.  
 
It discusses the following specific topics: 
 
1. Additional information regarding the electromagnetic simulations (Figure S1) 
2. Additional data supporting the conclusions of the main text (Figures S2- S4). 
3. Further details on the photoelectrochemical characterization of iron oxide electrodes 
(Figures S7, S8). 
4. Materials characterization of the iron oxide photoelectrodes (Figures S5, S6, S9) 
 
 
Figure S1. Full-field simulations employing gold nanoparticles covered with pure silica 
shells (black lines) cannot reproduce the experimentally observed strong enhancement 
peaks around 600 nm (red symbols), both for particles (a) at the bottom and (b) on top of 
iron oxide. The experimentally observed peak positions in Fig. 2a,c (610 nm and 590 nm, 
respectively) lie in between the peak positions expected from Au covered by SiO2 shells 
(550 nm) and Au covered by Fe2O3 shells (630 nm). To capture possible imperfections in 
the samples, we employed two strategies: (1) simulations of a mixed SiO2 - Fe2O3 shell 
were performed; (2) similar results (not shown) were obtained in simulations using 
thinner silica shells rather than mixed shells. Best agreement (apart from a wavelength-
independent offset in b, discussed in the main text) is found with a shell consisting of an 
effective medium of 50% iron oxide and 50% silica (blue lines). Grey: simulations using 
pure iron oxide shell. Note the 2 x scaling of the black line in (b). 
 
 
 
 
 
 
 
Figure S2. Comparison of experimentally measured photocurrent enhancement spectra in 
samples with low and high coverage of silica-shell gold-core nanoparticles at the bottom 
of the iron oxide film. (a,b) A high areal coverage (~ 35 %) of gold-core silica-shell 
nanoparticles (red circles) produce a peak enhancement of ~ 11 x. (a,c) A lower areal 
coverage (~ 5 %) of the same nanoparticles (blue diamonds) shows a reduced peak 
enhancement of about 5 x. The almost identical spectral shape of both curves shows that 
even for a large areal coverage, the silica shells prevent significant red-shifts of the 
spectra, which are known to result from near-field interactions between closely-spaced 
metal nanoparticles. Both datasets are taken on 100 nm iron oxide films. (b,c) 
corresponding SEM images. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S3. Comparison of the lineshapes of plasmonic photocurrent enhancements for 
bare gold nanoparticles deposited on top of different iron oxide film thicknesses. (a,d) 35 
nm Fe2O3, (b,e) 75 nm Fe2O3, (c,f) 90 nm Fe2O3. (a,b,c) show measured photocurrent 
enhancements (black symbols) and simulated absorption enhancements (blue lines). 
Overall, the measured photocurrent enhancements are significantly lower than simulated 
ones, possibly due to recombination at trap states at the metal/semiconductor interface. 
(d,e,f) show the corresponding SEM images. All spectra show asymmetric lineshapes, 
with photocurrent suppression at short wavelengths, and with enhancements rising at long 
wavelengths. The asymmetry can be understood in terms of the forward-backward 
interference asymmetry described in the main text and appears to persist in rough films 
(also see Fig. S4 and S5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S4. Influence of substrate roughness on photocurrent enhancements. 50 nm Au 
nanoparticles were deposited on top of (a) a smooth ~150 nm thick ITO substrate (0.8 nm 
RMS, 7 nm peak-peak surface roughness), and (b) a rough ~940 nm thick FTO substrate 
(33 nm RMS, about 200 nm peak-peak surface roughness). Both substrates and 
nanoparticles were then covered with Fe2O3 films of similar thickness. The basic spectral 
shape (peak position and bandwidth) of the measured photocurrent enhancements appears 
similar in both cases. 
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Figure S5. AFM images of the two types of substrates used in this work, (a) rough ~ 940 
nm thick FTO and (b) smooth ~ 150 nm ITO. The measured surface roughness for the 
two substrates was (a) 33 nm rms, ~ 200 nm peak-peak, and (b) 0.8 nm rms, 7 nm peak-
peak. Typical lateral feature sizes are ~ 300 nm in (a) and ~ 100 nm in (b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S6. X-ray diffraction analysis of a bare FTO substrate (black dashed line) and the 
iron oxide films grown on this substrate (red solid line) demonstrate that the hematite (α-
Fe2O3) phase is grown. Predicted peaks from the various materials are shown as a stick 
plot. The alternative Fe3O4 and FeO phases, or elemental iron were not observed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S7. Chopped light potential sweep for a 20 nm iron oxide film, measured in a 
three-electrode photoelectrochemical cell setup, under ~ 1 sun illumination. The 
illumination beam was chopped with a 1 s period, while the potential was swept from 
anodic to cathodic values at 10 mV/s. The electrolyte was 0.1 M NaOH. O2/H2O: 
thermodynamic potential for oxygen evolution 0.266 V. The reference electrode was a 
Ag/AgCl electrode. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S8. IPCE (incident photon-to-current conversion efficiency) calculated from the 
measured photocurrents for the structure in Fig. 2a. Black (red): IPCE with (without) 
nanoparticles, respectively.  Blue: AM 1.5 solar illumination for reference. The AM1.5 
spectrum can be multiplied with the measured IPCE, yielding an expected photocurrent 
spectrum. The overall, wavelength-integrated photocurrent enhancement is 1.12 x, i.e. a 
12% increase over the reference structure. A 7% increase arises in the region > 490 nm, 
in which plasmonic enhancements are expected.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S9. Scanning electron microscopy (SEM) image of a bare iron oxide film, 
corresponding to the reference region for the sample described in Figure 2d. 
 
